sume some sort of a program being unleashed at a certain moment during adult life, which then engenders the sequence of events leading to senescence. In contrast, stochastic theories of ageing surmise a randomly arising event which should elicit ageing.
Searching for a distinct, universal, stochastic, or deterministic cause of the ageing process, such as a single gene or the decline of a key body system proved difficult. Alternatively, ageing has been considered as a complex multifactorial process involving a multiplicity of mechanisms affecting molecular, cellular, and systemic levels [Weinert and Timiras, 2003] . Thinking along these lines, testable hypotheses at one level could be developed and investigated for their ramifications at other levels. In 1881, August Weissmann proposed that all organisms would be allowed a finite number of "acts of life," such as the number of heartbeats, air inhalations, etc. [Kirkwood and Cremer, 1982] . The experimental demonstration that cultures of the human fibroblast strain WI-38 undergo a limited number of doublings, the maximal replicative lifespan, constituted a cellular corollary of Weissmann's systemic proposal [Hayflick and Moorhead, 1961] . Apart from fibroblasts, the prototype mesenchymal cell type, a limited replicative lifespan has been demonstrated in all thus far cultured human, mammalian, and avian diploid cell types and can be considered as a model for decline and loss of function during ageing in general. Studies of Ageing is a universal, intrinsic, progressive, and deleterious process, inherent to all life [Strehler, 1977] . Senescence, the final outcome of the ageing process, has been defined as: "that change of the bodily faculties and sensibilities and energies which accompanies ageing, and which renders the individual progressively more likely to die from accidental causes of random incidence. Strictly speaking, the word 'accidental' is redundant, for all deaths are in some degree accidental. No death is wholly 'natural'; no one dies merely of the burden of the years" [Medawar, 1957] . Humans experience ageing as wrinkling of the skin with localized pigment plaques; graying and thinning of hair; decrease in muscular strength and agility; shrinkage and sclerosis of tendons; flattening of intervertebral discs; loss of neurons and memory; decrease of sensory capabilities, especially of sight, hearing and heat sensing; a decreased control of blood pressure, leading to essential hypertension and postural hypotension; lowered total and vital capacity of the lungs, and reduced filtering by the kidneys [Martin, 1985a] . Thus, ageing affects all tissues and organs albeit at different rates in each individual. During the past decades, numerous theories and hypotheses have been put forward to provide a general explanation for the ageing phenomenon. These theories can be broadly divided into 2 types based upon their starting point as either deterministic or stochastic theories. Deterministic theories of ageing as-individual cell clones in fibroblast cultures demonstrated extensive epigenetic heterogeneity within a mass culture and ruled out a simple biological clock mechanism as an explanation for clonal senescence [Martin et al., 1970] . Strikingly, fibroblasts from patients with Werner syndrome showed a dramatically shorter lifespan in culture as compared to cells from age-matched healthy individuals. Werner syndrome is an autosomal recessive disorder characterized by premature ageing-like phenotypes such as skin atrophy, graying and loss of hair, telangiectasia, muscular atrophy and bilateral ocular cataracts, which become evident during the third or fourth decade of life [Werner, 1904] . Significantly, Werner syndrome patients do not show any kind of mental retardation or other neuronal defects or decline, which sets this disorder apart from ageing as experienced within the general population. This led Martin [1985b] to consider Werner syndrome as a segmental progeroid syndrome, rather than as a form of accelerated ageing.
From a deterministic point of view, general ageing can be considered as a condition with apparent multifactorial autosomal dominant inheritance [Sacher, 1978; Schneider, 1987] . In this view, the single recessive mutation causing Werner syndrome may contribute a few aspects of senescence, but does not represent the full complement of general ageing. Second, the limited proliferative capacity of Werner syndrome fibroblasts can be reversed by fusion with "young" cells from healthy individuals, while senescent cell cultures from healthy individuals are refractory to "rejuvenation" in cell fusion experiments Norwood et al., 1974; Salk et al., 1981c; Pendergrass et al., 1985] . Third, ageing of fibroblasts in culture entails a decrease in the number of cells capable of DNA replication and a lengthening of the G1 compartment of the cell cycle [Cristofalo and Scharf, 1973; Rabinovitch, 1983] . During ageing in culture, Werner syndrome cells additionally show a prolongation of the S phase of the cell cycle and a decrease in average replicon size [Takeuchi et al., 1982; Hanaoka et al., 1983] . Cultures of lymphoblastoid cells form Werner syndrome patients showed a significantly elevated fraction of cells irreversibly arrested in the S phase and a 2.4-h prolongation in the minimal duration of the S phase [Poot at al., 1992] . The latter was due to a strikingly prolonged second half of the S phase [Poot and Rabinovitch, unpublished] . Fourth, along with a protracted growth rate, cultured cells from Werner syndrome patients show a typical and diagnostic variegated chromosomal translocation mosaicism [Salk et al., 1981a, b] . These translocations are stable within a clone, but on the level of a mass culture, the karyotype is seemingly instable, due to extinction of one clone with an aberrant karyotype followed by appearance of a novel clone with a distinct karyotype. Finally, Werner syndrome cells show spontaneous deletion formation [Fukuchi et al., 1989; Oshima et al., 2002] .
In view of the recessive nature of Werner syndrome, a possible defect of an enzyme involved in the cellular defence against oxygen free radicals has been investigated. In lymphocytes from patients with Werner syndrome, the activities of CuZn superoxide dismutase, Mn superoxide dismutase, catalase, and glutathione peroxidase were within the normal range [Marklund et al., 1981] . In-depth investigation of the glutathione system in cells from healthy individuals and patients with Werner syndrome revealed no deficiencies [Poot, 1991; Poot et al., 1984 Poot et al., , 1986 Poot et al., , 1987 Mbemba et al., 1985; Raes et al., 1987] . The gene for Werner syndrome proved to encode a 3 ′ → 5 ′ helicase and a 3 ′ → 5 ′ exonuclease in a single polypeptide [Yu et al., 1996 [Yu et al., , 1997 Huang et al., 1998 ]. Conceivably, loss of these 2 enzyme activities concomitantly may entail hypersensitivity to DNA replication-blocking lesions, possibly resulting in prolongation of the S phase of the cell cycle, variegated translocation mosaicism, deletion formation, and to mesenchymal tissue atrophy as well as other features of Werner syndrome [Poot et al., 1992 [Poot et al., , 1999 [Poot et al., , 2001 [Poot et al., , 2002 Ogburn et al., 1997] . Surprisingly, complete loss of WRN helicase activity due to homozygous inactivating point mutations does not cause clinical Werner syndrome [Kamath-Loeb et al., 2017] . Nevertheless, the WRN-encoded protein may serve as a "molecular switch" between DNA damage response pathways and thus be involved in preventing complex chromosome rearrangements and chromothripsis [Sturzenegger et al., 2014; Su et al., 2014; Poot and Haaf, 2015; Poot, in press] .
Recent studies indicated alterations in DNA methylation patterns in blood cells as a possible epigenetic marker of accelerated ageing in Werner syndrome [Guastafierro et al., 2017; Maierhofer et al., 2017] . These studies are based on the assumption that the physiological age of tissues can be assessed by combining the DNA methylation levels of multiple dinucleotide markers (CpGs) [Bocklandt et al., 2011; Garagnani et al., 2012; Hannum et al., 2013; Horvath, 2013; Lin et al., 2016] . By taking the weighted average across 353 CpG sites of isolated human cells (e.g., CD4+ T cells or neurons) as a metric, known as the "epigenetic clock," the "epigenetic age" of tissues and organs, such as blood, brain, breast, kidney, liver, and lung can be determined [Horvath, 2013] an increased epigenetic age independent of age-related changes in the cell composition of peripheral blood samples [Maierhofer et al., 2017] . A multivariate regression analysis revealed that Werner syndrome is associated with an increase in CpG methylation age of on average 6.4 years, after adjusting for chronological age, gender, and blood cell counts, such as a reduction in naïve CD8+ T cells. Thus, this study demonstrated that Werner syndrome is associated with an increased epigenetic age of blood cells, which is independent of changes in blood cell composition. An increased epigenetic age of Werner syndrome cells may reflect alterations of heterochromatin structure, which have recently been proposed as a driver of human ageing [Zhang et al., 2015] .
By analyzing genome-wide DNA methylation profiles of the whole blood from 3 patients with Werner syndrome and 3 age-and sex-matched healthy individuals, hypermethylated sites were enriched for genes involved in glycosphingolipid biosynthesis, FoxO signaling, and insulin signaling pathways, while hypomethylated sites were enriched in PI3K-Akt signaling and focal adhesion pathways [Guastafierro et al., 2017] . Out of 47 differentially methylated genes, 22, belonging to the enriched biochemical pathways, were differentially expressed in Werner syndrome fibroblasts. Interestingly, the differentially methylated sites identified CERS1 and CERS3 , members of the ceramide synthase family, and the ITGA9 and ADAM12 genes, which show altered methylation in systemic sclerosis, as well as the PRDM8 gene, which is affected in dyskeratosis congenita and Down syndrome. Although systemic sclerosis and dyskeratosis congenita are distinct from the skin lesions in patients with Werner syndrome, the altered methylation patterns of the ITGA9 and ADAM12 genes are intriguing and suggest a link between systemic sclerosis and Werner syndrome. Both the studies of Maierhofer et al. [2017] and Guastafierro et al. [2017] indicate a novel approach to the pathology of Werner syndrome and general ageing. Further research is needed to elucidate as to how precisely epigenetic changes and possibly altered gene expression patterns in somatic cells may contribute to stochastic age-related pathology in humans in general. Thinking along these lines may eventually help us to overcome the conceptual dichotomy between deterministic (e.g., mutational) and stochastic (e.g., epigenetic and chromosome rearrangement related) hypotheses for general ageing [Poot, 1991] .
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